Abstract: This study evaluated the influence of ionic dissolution products of a novel Ca-enriched silicate bioactive glass compared to commercial available hydroxyapaptite samples (Endobon ) on cell activity and vascular endothelial growth factor (VEGF) release in vitro. Bone marrow stromal cells (ST-2) were cultivated with the supernatant of granules of different sizes and at different concentrations (0-1 wt/vol % of granules) for 48 h. In addition to in vitro studies, Ca-ion release from all granules was analysed as the dissolution product of interest for the investigated glass. Cell viability studies as well as cell morphology observation revealed no cytotoxic effect of the released products from all tested materials. It was found that supernatants from granules in concentrations of 1 wt/vol % enhanced the VEGF release from ST2 cells, which is important as a marker of the vascularisation ability of the glass during the bone healing process.
Introduction
Different bone substitute synthetic materials are being exploited which exhibit the capability to induce bone regeneration in various clinical settings. While autogenous bone grafts are still considered the "gold standard", their application is limited by the risk of morbidity of the patient as well as the risk of disease transmission. Synthetic materials are being increasingly evaluated for bone healing [1] . Inorganic implants such as bioactive glasses and calcium phosphate-(CaP-) based bone substitutes are useful alternatives to autogenous bone grafting. Nowadays, the spotlight of the mechanisms concerning bone repair is on cellular and molecular biology [2] [3] [4] . Bone regeneration is a complex process that involves the coordination of a variety of different cascades and can be typically characterised by four overlapping stages. Initial inflammatory response is followed by bone formation, vascularisation and bone remodelling [5] [6] [7] . One of the core limitations for bone healing of large defects is the inadequate vascularization of applied grafts. Therefore, induction of vascularization is a crucial part of any successful bone regeneration strategy. In vitro and in vivo studies have shown the angiogenic potential of a number of bone substitute materials and their neovascularization capability [8, 9] . Several growth factors play an important role in the process of angiogenesis, with the vascular endothelial growth factor (VEGF) family being one of these, which is also secreted from different cell types, like fibroblasts, bone marrow stromal cells, osteoblasts and osteoclasts [5, 10] . Studies have shown that intracellular calcium regulates various events during angiogenesis and neovascularization [11] [12] [13] . Moreover VEGF and basic fibroblast growth factor have been shown to stimulate Ca 2+ entry in endothelial cells and the sequence of events following VEGF-induced Ca signaling in angiogenesis is discussed in literature [12] . In addition, there is increasing evidence, both in vitro and in vivo, about the angiogenic effect of dissolution products of a variety of bioactive glasses [14] [15] [16] . For example, our group showed the potential angiogenic effect of bioactive glass S53P4 in granular form by in vitro tests applying human fibroblasts [17] . In the context of induced vascularization, granule sizes of more than 2 mm seemed to inhibit the VEGF expression, but this was not the case for smaller granular sizes, for example, 0.5-0.8 mm or 1.0-2.0 mm. A similar assessment of angiogenesis was carried out recently on boron containing bioactive glasses using bone marrow stromal cells [18] . Interestingly, it has been also shown that 500 µg/ml nanosized BG particles enhanced the VEGF expression significantly in osteoclast-like cells after 14 days of cultivation [19] .
The aim of the current study was to investigate whether dissolution products of a novel Ca-enriched silicate glass compared to commercially available hydroxyapatite samples influence cell activity and VEGF release in vitro. This glass was originally developed as an antibacterial material [20] and its bioactivity in simulated body fluid has also been confirmed [21] . In this study, ST-2 bone marrow stromal cells were cultivated with the supernatant of different granules of different sizes and at different concentrations (0-1 wt/vol % of granules) for 24 h. In addition to in vitro studies, Ca-ion release from all granules as a main dissolution product of the investigated glass was analysed.
Materials & Methods

Materials and granule production
The starting material is a biocompatible soda-lime glass powder with a high calcium content supplied by Nanoker (Spain). The chemical composition in wt% is: 43. [20, 21] . The starting glass powder was axially pressed into cylindrical pellets and heat treated at 850 ∘ C during 1h in air atmosphere and subsequently milled and separated in three different granular sizes: SmS (0.5 -1.0 mm), MeS (1.0-2.0 mm) and LaS (2.0-3.15 mm). The thermal treatment at 850 ∘ C was selected based on a previous study [21] in which scaffolds were sintered at different temperatures using this glass powder. The obtained scaffolds were analyzed to determine their bioactivity, antimicrobial properties and mechanical resistance. The scaffold sintered at 850 ∘ C showed the highest antimicrobial properties and the highest compressive strength [20, 21] .
Commercially available hydroxyapatite granules (Endobon , Biomet 3I, Germany) were used as a bone substitute reference material. It is manufactured from natural cancellous bovine bone, via a technique which allows the removal of the organic component of cancellous bone, while preserving the trabecular structure, and hydrothermally converting the bone mineral and amorphous inorganic components within cancellous bone into crystalline hydroxyapatite. The size of the granules of this commercial product ranges between 500 and 1000 µm and the granules exhibit a three dimensional interconnecting network of pores [22] .
Glass-ceramic characterization
The glass-ceramic particles were characterized by XRD using a Bruker D8 diffractometer with CuKα radiation working at 40 kV and 30 mA in a step-scanning mode with a step width of 0.0288 and a step time of 2.5 s. The microstructure of the obtained particles was characterized using a scanning electron microscope (SEM) with associated energy dispersive spectroscopy analysis (SEM-EDS, PHENOM G2Pro).
Ca-release
The release of Ca ions from the granules was measured in a physiological TRIS-buffered solution. First, 0.1 g granules were weighed in sample vessels and 10 ml TRIS-buffered solution was added (final concentration 1wt/vol%) and incubated for 24h at 37 ∘ C. Afterwards the calcium ion concentrations were measured by using o-cresolphthalein complexone (Sigma, Germany) spectrometrically at 575 nm (SPECORD 40 BU; Analytik Jena, Germany). Working standards were prepared by calcium standard solutions. In addition, the release of other ions such as Si, B and Mg, was monitored by inductively coupled plasma optical emission spectroscopy (ICP-OES) using an Optima 8300 (Perkin Elmer, USA).
Cell culture and test set-up
A bone marrow stromal cell line (ST-2, Deutsche Sammlung für Mikroorganismen und Zellkultur, Germany), isolated from bone marrow of BC8 mice, was used for cell culture experiments. Cells were cultured in RPMI 1640 medium (Gibco, Germany) containing 10 vol% FBS (Sigma- Aldrich, Germany) and 1 vol% penicillin/streptomycin (Sigma-Aldrich).
For the cell culture experiments, ST-2 cells were seeded into 24-well plates in a concentration of 100.000 cells per ml (per well) for 24 h. Simultaneously, 0.1 g granules were added to 10 ml culture medium (without cells) and incubated separately for 24h at 37 ∘ C. Later, the supernatant was extracted and diluted into different concentrations (0; 0.01; 0.1; 1 wt/vol) from all samples. The seeded ST-2 cells were washed with PBS and the different dilutions of supernatant from the pre-incubated granules were transferred to the ST-2 cells for further 48 h ( Figure 1 ). The cultured cells do not come in direct contact with the glass-ceramic granules, but only with the released products.
Cell viability and cell morphology
For assessing the influence of different materials on the viability of the cultivated cells, a WST-8 assay (SigmaAldrich) was used. After a cultivation period of 48 hours, the cell activity of ST-2 cells was measured by the conversion of tetrazolium (WST-8, Sigma) to formazan by intracellular enzymes. For this assay, a solution containing 1 vol% WST reagent and 99 vol% RPMI was prepared. Culture medium was removed from the cell culture well plates, transferred to Eppendorf tubes and stored for VEGF release evaluation. Subsequently, the cells were washed with PBS and 400 µl of the WST solution was added to each well and cells were incubated for 1 h. Later, 100 µl of the solution was extracted from the samples and transferred to 96-well plates to measure the absorbance at 450 nm (Anthos, Germany). Histochemical staining for haematoxylin and eosin (HE) was carried out using a commercially available kit (Sigma, Germany). After 24 h of cultivation, cell layers were fixed in 4 vol% formalin solution for 10 min at room temperature, stained for haematoxylin for 15 min, washed with tap water and stained with eosin for 2 min. The samples were finally washed with ethanol, air-dried and examined using light microscope (AxioVert Zeiss, Germany).
VEGF release
The amount of released VEGF from ST-2 cells into the cell culture medium was measured by using a RayBio Human VEGF ELISA (Enzyme-Linked Immunosorbent Assay) kit. This assay, for the quantitative measurement of VEGF in cell culture supernatants, employs an antibody specific for mouse VEGF coated on a 96-well plate. The changes of colour from blue to yellow are detected and the intensity of the colour is measured at 450 nm (Phomo, Anthos Mikrosysteme GmbH, Germany). The assay procedure was performed according to the manufacturer's instructions. Briefly, after 48 h of cultivation of ST-2 cells with supernatants of various concentrations of granules, supernatant of all samples was collected and pipetted in the 96-well plate for further processing. The absolute measured values of VEGF ranged between 250 and 1700 pg/mL.
Statistics
Results are presented as mean value and standard deviation of eight replicates of each sample type. All results were normalized to 0 wt/vol. (= 100%) The differences in analysis parameters between the different particle concentrations investigated were evaluated by one-way analysis of variance (ANOVA). The level of the statistical significance was defined at p <0.05 (Origin 8.1G, Origin Lab Corporations, USA). The significance level was set as p < 0.05= *, p< 0.01= ** and p < 0.001= ***. For comparison of the mean values, the Tukey test was used.
Results & Discussion
Glass-ceramic characterization
The XRD pattern of the obtained glass-ceramic particles after the thermal treatment at 850 ∘ C during 1h is plotted in Figure 2 . Two crystalline phases appear after the thermal treatment: combeite (Na sented in Figure 5 for further reference. However, only the release of calcium and its influence on VEGF secretion are discussed in this paper.
Cell viability and cell morphology
The viability of ST-2 cells cultured with the supernatant of granules of different sizes and at different concentrations (0.01-1 wt/vol % of SmS, MeS and LaS granules) after 48 hours of incubation is shown in Figure 6 . The results indicate no significant variation as function of sample concentration.
Representative light microscope images of ST-2 cells (HE-stained) treated with the supernatant of granules of different sizes and at different concentrations (0.01-1 wt/vol. % of SmS, MeS and LaS granules and Endobon ) after 48 hours of incubation are shown in Figure 7 . The images indicate that ST-2 cells grew in contact with the supernatant of the different granules without any appreciable change of cell morphology. A dense formed cell layer in contact with all sample supernatants was observed.
In figure 8 , the VEGF release from ST-2 cells cultured in the supernatant of different granules after 48 hours is shown. Interestingly, SmS, MeS and LaS in the concentration ranges of 0.01 to 0.1 showed no statistically significant influence on VEGF release compared to the reference (= 100 %). The 1 wt/vol% concentration of all the different granule sizes showed a significant enhancement in the secretion of VEGF compared to the respective 0.1 and 0.01 wt/vol% concentration. The highest VEGF release was found for 1 wt/vol% of SmS, however, no significant difference was observed when compared with Endobon.
Discussion
The development of angiogenesis is essential during the bone repair and regeneration processes. In addition to the conventional characterization and testing of biomaterials involving in-vitro cell biology studies which include cell proliferation, adhesion and differentiation studies followed by in-vivo experiments, emphasis must be also given to evaluate in detail and specifically the angiogenic potential of the biomaterial. Quantifying the secretion of VEGF from relevant cells exposed to the dissolution products of biomaterials in-vitro is one of the assays commonly used [17, 18] . VEGF is one of the key growth factors and cytokines expressed during the inflammatory response phase. Impeding VEGF activity in-vivo has led to impaired bone formation, loss of metaphyseal blood vessels and hypertrophic cartilage in growing mice. In response to an injury, VEGF coordinates osteogenesis by triggering osteoblasts and angiogenesis by inducing endothelial cells to enhance bone healing [5] . Bone marrow stroma contains multipotent, hematopoietic cells [24, 25] . ST-2 cells were used in this study to evaluate the angiogenic potential of glass-ceramic granules derived from a novel Ca-enriched silicate glass composition. Cell viability results showed that the granules did not exhibit cytotoxic-ity in different sizes and in different dilutions was comparable to that of Endobon . In addition, light microscopy images indicated that ST2 cells adhered firmly to the wellplate and displayed a phenotypical morphology forming a dense layer of cells. No distinct difference between the commercially available Endobon and the glass-ceramic granules could be observed. The 1 wt/vol.% concentration of SmS, MeS, LaS and Endobon granules showed higher VEGF secretion than the 0.1 and 0.01 wt/vol.% concentrations, which correlates with a higher Ca content in the medium to which cells were exposed. The effects of different concentrations of other dissolution products (e.g. Si, B, Mg) in the medium should be also considered, especially because different ratios of Ca concentration to the concentration of such ions may be present. Calcium release from Si-based ormoglasses has been shown to stimulate a cell-membrane calcium sensing receptor acting as effective angiogenic promoter [26] . Another recent study showed that by altering the release of calcium from electrospun PLA fiber-based membranes containing different ratios of calcium phosphate ormoglass particles in vivo, it is possible to induce a chemotactic effect on macrophages to regulate the angiogenic progression of events [27] . Although a significant difference in the secretion of VEGF was not observed in the present work, the highest release of VEGF was found for the 1 wt/vol.% concentration of SmS granules. Considering this result and the role of intracellular calcium in neovascularization from previous studies, there is scope for further long-term ion release studies and to perform further angiogenesis assays with these granules, which might give a better understanding of the time dependant interaction between calcium release and angiogenic growth factors. Bioactivity, biocompatibility and antibacterial properties of this glass-ceramic, in the form of granules and scaffolds, have been previously demonstrated [20, 21] . In combination with the present results, it can be stated that the developed glass-ceramic granules have the potential to be applied as bone substitute materials.
Conclusions
Cell viability, cell morphology, and beyond that, the secretion of VEGF from ST-2 cells cultured with the ionic dissolution products of a Ca-enriched glass-ceramic (using granules of different sizes and different dilutions) were evaluated and compared to commercially available hydroxyapaptite samples. ST-2 cells were found to be well attached and formed a dense cell layer. No cytotoxicity was observed and the highest expression of VEGF was noted for the 1 wt/vol.% dilution of the glass-ceramic granules. The secretion of VEGF is an indicator of the neovascularization capability of the glass-ceramic and therefore, it would be interesting to analyse long-term cell-material behaviour and the in-vivo performance of this biomaterial for bone tissue engineering applications.
